A method to measure built-in voltages on the material interfaces in capacitive MEMS-devices inside closed cavities is presented. The method is based on a vibrating capacitor (Kelvin-probe) principle and it can even be used to measure closed cavity samples. The suggested set-up is tested by measuring various capacitive accelerometers and the results are compared with those obtained from capacitance-voltage (C-V ) measurements. The potential of the method for high-speed measurements is explored by demonstrating an accurate determination of built-in voltages by measuring only a few data points for a device due to a very highly linear response of the method.
Introduction
The built-in voltage (also called contact potential difference (CPD)) affects the long-term stability of various capacitive MEMS-devices. The effect of the built-in voltage appears, for example, as a frequency shift in resonators and phasenoise in oscillators through the capacitive non-linearity due to the variation of the bias-voltage [1, 2] , as voltage drift in voltage references [3] and as zero-point capacitance change in capacitive sensors and actuators [4] such as accelerometers.
Ultimately the built-in voltage is generated as a contact potential when the Fermi-levels of two dissimilar materials are brought into contact. In principle it is a direct measure of the differences in the work functions [5] . In practice, however, the situation is not this simple. The work function is modified, for example, by charging of the dielectrics on the surfaces [6] and band-bending due to the surface states [7] . In addition, the work functions usually vary due to the temperature changes [8] and due to the adsorbents on the surfaces [9] . For many practical cases experimental methods are needed to unambiguously determine the spontaneous voltages on the interfaces.
A method often used to analyse the built-in voltage of a movable micromechanical device is to perform a capacitancevoltage (C-V ) measurement. In C-V measurement the capacitance is measured as a function of the applied dc voltage 1 Currently with VTI Technologies Oy, Finland. 2 Currently with VTT Technical Research Centre of Finland, Finland.
U dc . The voltage between the electrodes results in a force which causes a displacement of the movable electrode and therefore changes the capacitance (figures 1(b) and (c)). Due to the well known relation between the force and voltage, F ∝ U 2 , this force is always attractive. Therefore the capacitance gets the minimum value when the built-in voltage inside the device is compensated by the applied dc-voltage, i.e. when the voltage and therefore also the mechanical force are negligible between the electrodes ( figure 1(a) ).
Another way to analyse this built-in voltage is to measure the pull-in voltage of the device. This method also relies on measuring the C-V curve. The pull-in phenomenon takes place when the voltage between the electrodes exceeds the pullin voltage or U U pi . Then the electrostatic force between the electrodes overcomes the mechanical spring restoring force and the electrodes run into contact ( figure 1(d) ). The builtin voltage is now calculated as the average of the negative and positive pull-in voltages. This method is well feasible for systems for which the pull-in effect does not create a severe mechanical deterioration.
An example of both the methods is shown in figure 1 . In principle both these methods should give similar results and the small difference can be attributed to the low resolution of voltage steps that limits the accuracy of the pull-in voltage determination.
The vibrating capacitor method (also called the Kelvinprobe after the inventor [10] ) has been used to characterize the surface potentials for long [11] . The method is based on a dcbiased vibrating electrode over the surface to be measured. The vibration takes place normal to the surface and therefore the vibrating electrode and the surface form a variable capacitor, C. The charge in the capacitor can be written as
where U dc is the bias-voltage and V s is the surface potential. According to (1) 
the vibration generates a current (i = dQ/dt), that is measured. When the surface potential is compensated by the bias-voltage (i.e. U dc = −V s ) a zero current is recorded and the surface potential can be deduced. This method works well for a wafer-level analysis, but for actual devices this method is unusable as the interesting surfaces usually lie inside the package. As mentioned previously, the work functions are very susceptible to changes in temperature, humidity and ambient atmosphere gas concentration (adsorption). Therefore, if the hermeticity is broken and the conditions are changed, the measurements do not reflect the initial system any more. To apply a similar approach in measuring the built-in voltage for packaged MEMS-devices the movable electrode must be fabricated next to the surface to be measured and inside the cavity.
Model
When considering a system consisting of two electrodes, one movable and one stationary, the situation can be depicted as in figure 2. To make the situation more generic we can assume that there is a layer of dielectric on the static electrode and the electrodes are fabricated from different materials with work functions φ 1 and φ 2 for static and movable electrodes, respectively. The charges Q 1 and Q 2 on the electrodes can be written as
and
where C is the total capacitance of the system. It should be noted that the voltages of the system appearing in the equations (bias-voltage, U dc and the work-function difference, φ 12 ) are time independent and the only timedependent variable is the capacitance C 1 . Keeping this in mind, equations (3a) and (3b) can be written as
where Q ox is the charge on the dielectric layer, C 1 is the capacitance over the air gap between the moving electrode and the surface of the dielectric and C 2 is the capacitance over the dielectric on the static electrode. U dc is the applied dc voltage and φ 12 is the contact potential due to the difference in the work functions of the movable and static electrode materials. Due to the forced vibration, C 1 is time-dependent
where ω is the angular frequency of the vibration andĈ 1 = εA/d is the capacitance at rest. α is defined as the ratio of the capacitances or α =Ĉ 1 /C 2 and β is the relative amplitude of the vibration of the moving electrode, defined as β = x vib /d, where d is the initial distance between the moving and static electrodes and x vib is the amplitude of the vibration. Rewriting the equations (4a) and (4b) with the aid of the parameters α and β leads to
The charge neutrality is maintained as
As the device is forced into vibration, the capacitance C 1 changes and the charges on the electrodes are re-distributed. This re-distribution generates a current that can be measured when the circuit is closed with a set-up depicted in figure 3 .
As no additional charge is brought into the system and given that Q ox is constant, the currents generated are equal and opposite for which i(t) = 0 when
where V bi is the built-in voltage of the system. An approximate value for α can be calculated by writing
where t ox and ε r are the thickness and the dielectric constant of the dielectric on the static electrode, respectively. If we assume that the distance between the static and movable electrodes is in the order of d ≈ 5 µm and the dielectric on top of the static electrode is silicon dioxide (SiO 2 ) having ε r = 3.9, with thickness of 50 nm t ox 200 nm, the value of α can be estimated to be 1/400 α 1/100. Within this film thickness range a 100 mV change in the built-in voltage requires an oxide charge in the range (1-4) × 10 11 e cm −2 , which is over an order of magnitude smaller than that reported in oxide [4] and nitride [12] films. This indicates that the built-in voltage can be very susceptible to the charging of the dielectrics if the film thickness is increased.
The value of β can be estimated from the limits set by the capacitive non-linearity. To minimize the generation of harmonic components the vibration amplitude should be only a few per cent of the gap [13] -from this the value of β can be estimated to be 1/100 β 1/20.
Set-up
If the movable electrode is moving between two static electrodes as is the case in figure 3 the total force on the movable electrode is the sum of the forces on both sides of the electrode. If the built-in voltages on both sides are not equal, the capacitance over the air gap C 1 is not constant throughout the U dc range. However, C 1 can be assumed constant when
Therefore the output is linear with higher values of U dc .
In the set-up of figure 3 the bias-voltage is applied over both gaps simultaneously. This is necessary since besides being a necessity in the current generation, the applied voltage also exerts an attractive force between the electrodes and applying the voltage on one side only would tilt the moving electrode and change the separation between the electrodes leading to a change in the parameter α. This in turn would Figure 5 . Schematic of the measurement set-up. The vibration on the DUT is generated with a mechanical shaker that is driven with amplified signal from lock-in amplifier at the frequency ω. The current is transformed to a voltage with a circuit in figure 3 and the voltage is recorded as a function of the bias-voltage. The bias voltage is generated with two voltage sources to provide both positive and negative polarities. All the instruments are connected to the computer with GPIB. lead to C 1 not being constant over the bias-voltage sweep. The minimum position of the current would not be changed, but the fitting of the curve to the measured data would become more difficult. This is easily seen from figure 4.
With a set-up shown in figure 5 the movable electrode inside the device under test (DUT) is forced to vibrate at a frequency ω with a mechanical shaker. The generated current at the vibration frequency ω is transformed into a voltage with an operational amplifier (figure 3) and detected with a lock-in amplifier. From (7) it can be seen that the sensitivity of the system increases with increased frequency, but to ensure the proper operation the excitation frequency should be kept below any resonant frequencies of the DUT. The output is a straight line as a function of the applied dc voltage, U dc (figure 6). As α 1 and β 1 in (7) this linear behaviour can also be seen by writing the approximation of (7) as
and collecting the terms with ω dependence. By fitting a line to the data points, the built-in voltage can be deduced very easily.
The vibration is generated by a Bruel&Kjaer type 4810 minishaker which is driven by the lock-in amplifier (Stanford Research Systems SR830) through a power amplifier (HP 6825A) at the frequency ω. The bias voltage is generated by series connected voltage sources (Agilent 6614C) in order to produce both negative and positive bias-voltages. In order to maximize the accuracy, the bias voltage is measured with the multimeter (Agilent 3458A) at the same time it is connected to the vibrating capacitor. In principle, the vibration can also be achieved by applying an ac-voltage (U = u sin(ωt)) to the vibrating capacitor. Then the force exerted on the proof mass can be written as where C 0 is the capacitance at rest, C 0 = εA/d where A is the area of the capacitance and ε is the permittivity of the medium between the electrodes. The last approximation in (11) holds when the vibration amplitude, x, is small when compared with the electrode separation at rest, d. From (11) the problems of electrostatic excitation are evident: (i) The weak force exerted will be at the double frequency when compared with the excitation voltage and (ii) the force is dependent on the distance, d, between the movable and static electrodes. The actuation force can be increased by increasing the voltage, but increased voltage can lead to increased trapping of the charges and change the actual builtin voltage [14, 15] .
Samples and measurement results
To test the method 19 accelerometers were measured. The devices were fabricated by anodically bonding three wafers: a silicon wafer with proof-mass in between two glass covered silicon wafers supporting the static electrodes ( figure 7) . The static electrodes were metal with a dielectric layer on top in some samples. The proof-mass was either silicon or silicon metallized with molybdenum or tantalum (table 1). The silicon is boron doped (N A = 2 × 10 19 cm −3 ) with additional boron doping on the surface of the proof mass (N A = 4×10 19 cm −3 ). The electrode area A = 1.45×10 −6 m 2 , the air gap d = 5.7 µm and spring constant k = 30 N m −1 for all the samples. As a result of the anodic bonding the pressure inside the cavity is enough to over-damp the resonance of the proof-mass.
To ensure the desired motion of the proof-mass the mechanical excitation was done below the resonance frequency of the proof-mass and for this purpose the excitation frequency of ω = 2π × 60 Hz was selected.
Both gaps of the accelerometer were measured with both the C-V method and the proposed method (vibrating capacitor or Kelvin method). A result of a measurement is shown in figure 8 . The actual built-in voltages are deduced by fitting a parabola to C-V measurements and a line to measurements with the proposed method. The extracted built-in voltages from the 19 accelerometers are collected in figure 9 . The results indicate that both the measurements give similar results even though the builtin voltages vary a lot from device to device. Thorough analyses of the reasons for these device to device variations and variations from the theoretical values of the built-in voltages are outside the scope of this paper. As a further point, it should be noted that the results are consistent and qualitatively identical between the two presented methods even if the builtin voltage is significantly altered by, for example, a dielectric layer indicating that both the methods measure the same property. The root mean square of the difference between the methods is 14.25 mV, which can be explained by the different measurement conditions-the different measurements were performed with different measurement sets and the samples were moved from one set-up to another by hand which is enough to cause a slight discrepancy between the measurement conditions.
Previous measurements relied on measuring 41 points with the proposed method. As the behaviour is highly linear, this many measurements are not really needed. To probe the figure 10 . It can easily be seen from figure 10 that when the Kelvinmeasurement is done only at two points, the error is less than 0.25%. It can be translated as an error in the built-in voltage as V bi ≈ 0.6 mV for even the samples with the highest absolute values of V bi (sample number 3). This indicates that as long as the bias-voltages are selected so that |U dc | |V bi | this measurement method gives very accurate results by measuring the output current with just two values of the bias-voltage making the measurement very fast and convenient.
Conclusions
A method to measure the built-in voltages, V bi , of micromechanical devices is presented and compared with an existing method with a good qualitative match. The presented method is based on a vibrating capacitor (Kelvinprobe) method where the capacitance is biased with a dc voltage, U dc and the generated current is measured. It is shown that if the biasing voltage U dc V bi the measurement can be performed by measuring only a few data points without compromising the accuracy.
